In this paper we investigate plasma wave electric and magnetic fields in the vicinity of the magnetopause by using recent measurements from the ISEE 1 and 2 spacecraft. Strong electric and magnetic field turbulence is often observed at the magnetopause. The electric field spectrum of this turbulence typically extends over an extremely large frequency range, from less than a few hertz to above 100 kHz, and the magnetic field turbulence typically extends from a few hertz to about 1 kHz. The maximum intensities usually occur in the magnetopause current layer and plasma boundary layer. Somewhat similar turbulence spectra are also sometimes observed in association with flux transfer events and possible 'inclusions' of boundary layer plasma in the magnetosphere. In addition to the broad-band electric and magnetic field turbulence, narrow-band electrostatic emissions are occasionally observed near the electron plasma frequency in the vicinity of the magnetopause. Two possible plasma instabilities, the electrostatic ion-cyclotron instability and the lower-hybrid-drift instability, are considered the primary candidates for explaining the broad-band electric field turbulence. The narrow-band electrostatic emissions near the local electron plasma frequency are believed to be either plasma oscillations or electrostatic waves near the upper-hybrid-resonance frequency.
INTRODUCTION
Because of the many important questions which have been raised recently concerning the physical processes which occur at the earth's magnetopause boundary [Heikkila, 1975; Haerendel et al., 1978] , the study of the magnetopause has entered a period of increased activity. During the past year, magnetopause studies have been particularly aided by the launch of the ISEE 1 and 2 spacecraft [Ogilvie et al., 1978] , which for the first time can provide basic information on the spatial-temporal structure of the magnetopause. In this paper we present an initial investigation of the plasma wave electric and magnetic fields associated with the magnetopause using data obtained from ISEE 1 and 2.
The importance of plasma wave observations near the magnetopause originates from the possible role which wave-particle interactions may play in the diffusion and transport of plasma across the magnetopause [Axford, 1964; Bernstein et al., 1964; Eviatar and Wolf, 1968; Hasegawa and Mima, 1978] and from the possible effects of plasma turbulence on energy dissipation and reconnection at the magnetopause [Syrovatski, 1972; Huba et al., 1977; Haerendel, 1978 waves. Although the magnetopause is known to be very turbulent in the low-frequency MHD portion of the spectrum, relatively little is known about the plasma wave intensities at higher frequencies in the region of primary importance for microscopic plasma processes. Neugebauer et al. [1974] and Fairfield [1976] have investigated magnetic measurements of whistler-mode and ion-cyclotron waves near the magnetopause. However, no plasma wave electric field measurements have yet been reported in association with the magnetopause.
As will be shown in this paper, strong electric and magnetic field turbulence is frequently observed at the magnetopause. The electric field spectrum of this turbulence typically extends over an extremely large frequency range, from less than a few hertz to above 100 kHz, and the magnetic field turbulence typically extends from a few hertz to about 1 kHz. This frequency range includes nearly all of the characteristic frequencies of the plasma, from the proton gyrofrequency to the electron plasma frequency. The maximum intensities of both the electric and the magnetic field turbulence are usually confined to a region which includes the plasma boundary layer and the magnetopause current layer. Somewhat similar turbulence spectra are also sometimes observed in association with flux transfer events of the type described by Russell and Elphic [1979] and possible 'inclusions' of boundary layer plasma into the magnetosphere as described by Paschmann et al. [ 1979] .
To facilitate the comparison of the plasma wave measurements with the plasma and magnetic field measurements, some of the magnetopause crossings have been selected from the crossings previously analyzed by Paschmann et al. [1979] and Russell and Elphic [1979] . For a description of the plasma wave instrumentation used in this study, see Gurnett et al. [1978] . Descriptions of the plasma and magnetic field instrumentation are given by Bame et al. [1978] and Russell [1978] , respectively.
SOME REPRESENTATIVE MAGNETOPAUSE

CROSSINGS
To illustrate the intensity and primary characteristics of plasma waves observed at the magnetopause a series of magnetopause crossings have been selected for analysis from four 7043 passes through the magnetosphere in November and December 1977. These passes were selected primarily on the basis of the plasma wave activity observed at the magnetopause. In each case an easily identified burst of plasma wave turbulence is present at the magnetopause. Because of this selection criterion the magnetopause crossings shown probably cannot be regarded as typical, since they were selected on the basis of enhanced plasma wave intensities. Further studies will therefore be needed to fully characterize the entire range of plasma wave turbulence which can occur at the magnetopause and the factors which control the intensity of the turbulence. The present study is intended mainly to illustrate the relationships observed for cases in which some plasma wave turbulence is known to be present.
The crossings selected occur over a range of local times extending from local morning, --•0600 hours, to near the subsolar point, --• 1200 hours. In all cases the latitude of the crossing is relatively low, less than 27 ø . For three of the sets of crossings, two on November 10 and one on December 2, the Z component of the magnetosheath magnetic field in solar ecliptic coordinates is strongly southward, whereas for the remaining crossing, on November 3, the Z component of the magnetosheath field ranged from near zero to slightly southward. The inbound crossings on November 10 and December 2 also occurred unusually close to the earth, at -- Figure  8 show that ISEE 1 entered the boundary layer between the first two pairs of current layer crossings but did not cross into the low-density high-temperature region of the outer magnetosphere. The last magnetopause current layer crossing at 0751:30 UT is followed by a broad region of boundary layer plasma with a density intermediate between the magnetosheath and magnetospheric densities. At several points within this plateau region, abrupt drops in the density, and associated temperature increases, occur which indicate close encounters with the earthward edge of the boundary layer. The final crossing from the boundary layer into the magnetosphere occurs at 0802:45 UT.
As can be seen from a detailed comparison of Figures 8 and 9, enhanced broad-band electric field intensities extending up to about 17.8 kHz are clearly observed when the spacecraft is in the boundary layer. However, in contrast to the previous cases analyzed, the magnetic field intensities in the boundary layer are quite low at all frequencies. Only a very small, 3-dB increase in the magnetic field intensities above the sensor noise level can be seen in the boundary layer.
SPECTRUM, POLARIZATION, AND WAVELENGTH
To identify the plasma wave modes responsible for the electric and magnetic field turbulence observed at the magneto-pause it is necessary to determine as much as possible about the spectrum, polarization, and wavelength of this turbulence. In the following we summarize the basic characteristics of the waves observed near the magnetopause, using specific examples to illustrate the typical characteristics.
Spectrum
The most striking features of both the electric and the magnetic field turbulence observed at the magnetopause are the very broad bandwidth and the rapid decrease in the intensity with increasing frequency. For the electric field the turbulence spectrum usually extends from below a few hertz to about 100 kHz, and for the magnetic field the spectrum extends from below a few hertz to about 1 kHz, above which the intensity is usually below the instrument noise level. Typical spectra of the magnetosheath electric and magnetic fields are shown in Figure 10 . These spectra were selected from the first magnetopause crossing in Figure 3 and cover a 1-min interval centered on 1440:00 UT. The peak spectral densities observed over this 1-min interval are shown by the solid curves, and the average spectral densities are shown by dashed curves. Except for the isolated peak in the electric field spectrum at about 31.1 kHz, both the electric and the magnetic field spectral densities are monotone decreasing functions of frequency. Both spectra fit a power law frequency dependence to a good approximation, with E2/Af oc 1/f 2-2 for the electric field and B2/•f oc 1/f 3'3 for the magnetic field. The large difference, a factor of 10-100, between the peak and the average spectral densities indicates that the field strengths fluctuate rapidly, with many short intense bursts. The peak broad-band field strengths for the examples illustrated in Figure 10 , integrated over the entire frequency range measured, are E = 5.2 mV m-' and B = 1.3 gammas. These broad-band field strengths are reasonably typical of all the magnetopause crossings investigated in this study.
As can be seen from examination of some of the magnetopause crossings discussed in the previous section, it is sometimes difficult to distinguish the magnetopause boundary layer turbulence from the electrostatic noise commonly observed throughout the magnetosheath. This is in strong contrast to the interface between the boundary layer and the magnetosphere, which usually has a sharp drop in the electric field noise levels. Careful examination, however, reveals significant differences in the electric field spectrum between the magnetopause and the magnetosheath. Usually the electric field intensities at the magnetopause are significantly larger than the magnetosheath, particularly at low frequencies, <100 Hz. Also, the magnetopause spectrum usually has a nearly constant slope on a log-log plot across the entire frequency range, whereas the magnetosheath spectrum often has a change in slope at about 300 Hz, causing a distinct hump in the spectrum at about this frequency. These differences in spectral characteristics are illustrated in Figure 11 , which shows selected spectra from the magnetosheath, magnetopause, and magnetosphere for the magnetopause crossing at 1447 UT in 
Polarization
In principle it is possible to obtain the polarization of the plasma wave electric fields from the spin modulation of the electric field intensity. In most cases studied, little or no spin modulation is evident in the electric field turbulence observed near the magnetopause. The low frequency of occurrence of spin modulation effects can be attributed in part to the large fluctuations which are present in this region, thereby making it difficult to clearly identify any spin modulation effects which may be present, and to the low probability of having the magnetic field oriented in a favorable direction for detecting sharp spin modulation nulls. However, a few cases were found in which spin modulation was clearly evident. Whenever a well-defined spin modulation was detected, the electric field was found to be oriented perpendicular to the local magnetic field. These observations are consistent with the low occurrence of spin modulation effects, since for this polarization, sharp nulls can be detected only when the magnetic field is oriented very nearly parallel to the spin plane of the electric antenna, which occurs relatively infrequently. [1979] identify as either isolated inclusions of plasma into the magnetosphere or a sudden switch-on of the boundary layer. The regions of enhanced plasma wave turbulence levels are nearly always associated with large fluctuations in the plasma flow velocity and density and irregularities in the magnetic field direction and magnitude, all of which are well-known characteristics of the boundary layer plasma. Typical maximum broad-band electric and magnetic field intensities in the boundary layer, integrated over the frequency range from 5.6 Hz to 311 kHz, are about 5 mV m-' and 1 gamma. Because of the steep spectrum, most of the contribution to these broadband field strengths occurs at low frequencies, so the field strengths would be even larger if the integration were extended to even lower frequencies. In all cases where definitive measurements could be made, for frequencies less than 1 kHz, the electric field is found to be oriented very nearly perpendicular to the local magnetic field, and the wavelengths are longer than about 215 m. The region of occurrence of the narrow-band electrostatic waves near f•,-is less certain, since these events do not occur very frequently. In most cases these emissions tend to occur near the magnetopause current layer or in regions with large variations in the magnetic field, indicating large currents. The electric field polarization of these narrow-band emissions could not be determined because of their rapid fluctuations and short duration. In considering the origin of the broad-band electric field noise, probably the most important characteristic which must be considered is the very broad, nearly featureless, electric field spectrum. Normally, no distinctive narrow-band features or cutoff can be identified in the spectrum which could provide a definite association with a specific plasma wave mode. Because of the very large plasma flow velocities in the region where this noise is 'observed, it is likely that Doppler shifts . Electric and magnetic turbulence may play a role in the spatial diffusion and transport of charged particles across the magnetopause. For the moment we do not attempt to answer these basic theoretical questions. The main intent of this paper is to provide the essential parameters, electric and magnetic field spectra and relationships to plasma and magnetic field characteristics, needed to stimulate further investigation of these important problems.
